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Properties of ITO/Ga-Al Doped ZnO Bilayer Thin
Film for Saving ITO Material

YU SUP JUNG, HYUNG WOOK CHOI,
AND KYUNG HWAN KIM*

Department of Electrical Engineering, Gachon University, Seongnam, Republic
of Korea

The indium tin oxide (ITO) thin films have advantages such as low resistivity
(=107*Q-cm) and high transmittance (>85%) in visible range. However, Indium in ITO
is rare metal, a high cost and toxicity. Therefore, ITO substitute material is necessary.
In this study, we fabricated the ITO/Ga-Al doped ZnO (GAZO) bilayer for saving ITO
material by using facing targets sputtering methods. The ITO/Ga-Al doped ZnO bilayer
thin films were deposited various thicknesses and substrate temperature. As a results,
resistivity, mobility and carrier concentration of the ITO(80 nm)/GAZO(100 nm) bi-
layer thin film at 250°C exhibited 3.79 x 10~*Q-cm, 31.13cm?*/V-s and 5.21x 10?°cm™>.
Average optical transmittances of all ITO/GAZO bilayer thin film exhibited above 90%
in visible range.

Keywords: ITO/Ga-Al doped ZnO bilayer; facing targets sputtering; saving ITO ma-
terial

Introduction

Generally, transparent conductive oxide (TCO) is used many applications such as, liquid
crystal display [1], organic light emitting diodes [2], thin film solar cell [3] and smart
window [4], etc. One of TCO, the ITO thin film has the lowest resistivity than using TCOs
and high transmittance in visible range. However, Indium in ITO is rare metal, a high cost
and toxicity. Therefore, ITO substitute material is necessary. The ITO substitute materials,
Zinc Oxide (ZnO) [5], Al doped ZnO (AZO) [6], Ga doped ZnO(GZO) [7], Ga-Al doped
ZnO(GAZO) [8], tin oxide (SnO;) [9], and fluorine doped tin oxide (FTO) [10] have been
investigated many researchers. One of these materials, The ZnO is n-type semiconductor
with the wide direct band gap of 3.37 eV and large exciton binding energy of 60 meV [5].
Furthermore, 3 group material (boron, aluminum, gallium) doped ZnO indicate resistivity
below 10~% ohm.cm and transmittance above 85% in visible range. Among impurities (B,
Al, Ga) doped ZnO materials, low cost, Al doped ZnO material have been widely used.
However, Al doped ZnO have disadvantages such as, thermal instability and decreasing
conductivity in air. The Ga is less reactive and more resistive to oxidization compared with
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Figure 1. A schematics of facing targets sputtering (FTS) method using the ITO/GAZO bilayer thin
film deposition process.

Al Also, the Ga has ionic and covalent radii of 0.62 and 1.26 A, respectively, which are
closer to the values of Zn (0.74 and 1.31 10\) [11, 12]. The Ga-Al doped ZnO (GZO-AZO)
thin films can be deposited by hetero target deposition in facing targets sputtering. In this
study, we fabricated the ITO/Ga-Al doped ZnO (GAZO) bilayer thin film for saving ITO
material by using facing targets sputtering methods.

Experimental

In this study, we fabricated the ITO/Ga-Al doped ZnO (GAZO) bilayer for saving ITO
material by using facing targets sputtering methods. Figure 1 shows schematics of facing
targets sputtering method. In Figure 1, In the FTS method, two targets are arranged to face
each other. The substrate is located outside of the plasma. Consequently, the FT'S method

ITO - H----

I V

I GAZO

Glass substrate

Figure 2. A structure of the ITO/GAZO bilayer thin film.
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Table 1. Sputtering condition

Deposition parameter Sputtering conditions
Targets Ga doped ZnO (GZO) ITO
Al doped ZnO (AZO) ITO
Substrate Glass
Base pressure 2.6x107* Pa
Working pressure 0.4 Pa
Input power density 1.2 W/cm? 1.2 W/ecm?
Substrate temperature Room temperature and 250°C
Film thickness GAZO : 100, 120, 140, 160 ITO : 0, 20, 40, 60, 80
and 180 nm and 180 nm

suppresses the substrate by high-energy particles, such as electrons and ions [13, 14].
Figure 2 shows a structure of the ITO/GAZO bilayer thin film. In this work, the ITO (In;
O3 : SnO; = 90:10 wt.%) targets are installed on top, and the Ga-doped ZnO (ZnO : Ga,
03 = 97:3 wt.%) and Al-doped ZnO (ZnO : Al,O; = 98:2 wt.%) targets are installed
on the bottom. The sputtering chamber was evacuated to 2.6x10™* Pa (2x107% Torr)
using a rotary pump and turbo molecular pump. The targets were pre-sputtered in argon
atmosphere for 30 min in order to remove surface oxidation on the ITO, GZO, and AZO
targets. Substrates were ultrasonically cleaned using acetone, ethanol, and deionized water
for 10 min, and dried with N, gas. Total thicknesses of the ITO/GAZO bilayer were fixed at
180 nm. More details about the sputtering conditions are given in Table 1. The thicknesses
of the bilayer thin films were measured using surface profilometry (KLA-Tencor, Alpha-
step D-100). The electrical properties of the bilayer thin films were measured using a
four-point probe (AIT Co., Ltd, CMT-SR1000N) and Hall measurement (Ecopia, HMS-
3000). Optical transmittance was measured using a UV/Vis spectrometer (Hewlett-Packard,
8453). Crystallinity of as-fabricated films was examined by X-ray diffractometer (XRD,
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Figure 3. X-ray diffraction peaks of the ITO/GAZO bilayer thin films as a function of thicknesses.
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Figure 4. X-ray diffraction peaks of the ITO/GAZO bilayer thin films as a function of substrate
temperatures.

D/MAX-2200, Rigaku) with Cu-Ka radiation (A = 1.5418 A) X-ray source at 40 kV and
20 mA in the scanning angle (26) from 20° to 80°. The surface properties of the bilayer
thin film were measured using a field emission scanning electron microscope (FE-SEM,
S-4700, Hitachi).
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Figure 5. Resistivity, mobility and carrier concentration of the ITO/GAZO bilayer thin films as a
function of thicknesses.
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Figure 6. (a) Resistivity, mobility and carrier concentration of the ITO/GAZO bilayer thin films as a
function of substrate temperatures. (b) Resistivity, mobility and carrier concentration of the ITO thin
film as a function of substrate temperatures.

Results and Discussions

Figure 3 shows that x-ray diffraction peaks of the ITO/GAZO bilayer thin films were
deposited as a function of thicknesses at room temperature. In this figure, all the ITO/GAZO
bilayer thin films indicated ZnO (002) x-ray diffraction peak at around 2theta = 34.42°.
Decreasing the thickness of GAZO layer, the ZnO(002) diffraction peak decreased which
can be because of low thickness of GAZO thin film layer. When thicknesses of ITO were
above 60 nm, the ITO (211) diffraction peak was indicated at around 2theta = 21.49° which
can be because of high thickness of ITO thin film layer.

Figure 4 shows that x-ray diffraction patterns of the ITO(80 nm)/GAZO(100 nm)
bilayer thin films were deposited at room temperature and 250°C. When the ITO(80
nm)/GAZO(100 nm) bilayer thin film was deposited at room temperature, ZnO (002)
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Figure 7. Optical transmittance of the ITO/GAZO bilayer thin films as a function of thicknesses.

and ITO(211) diffraction peaks were indicated slightly. When the ITO/GAZO thin film
was deposited at 250°C, ITO(222) and ZnO (002) diffraction peaks were indicated strongly
around 2theta = 30.58° which corresponds to the (222) plane of In,O3 [15, 16]. As the
x-ray diffraction results, the preferred orientation appeared to ITO (222) direction. Also,
ITO (440) diffraction peak was indicated slightly around 2theta = 51.03°.

Figure 5 shows that resistivity, mobility and carrier concentration of the ITO/GAZO
bilayer thin films were deposited as a function of thickness at room temperature. It is
seen that thicknesses of ITO layer in ITO/GAZO bilayer increased, resistivity of bilayer
decreased. The resistivity of bilayer thin films exhibits a minimum of 6.91x10~* Q-cm at
80 nm (ITO thickness) and a maximum of 1.33x1073Q-cm at O nm. Increasing thickness
of the ITO layer, resistivity of ITO/GAZO bilayer thin film decreased due to the mobility
of ITO/GAZO bilayer thin film improved. The mobility was enhanced with improved
crystallinity of ITO thin film layer. In addition, the resistivity of ITO (80 nm)/GAZO
(100 nm) bilayer thin film was nearly similar to ITO (180 nm) thin film.

Figure 6(a) and (b) show that resistivity, mobility and carrier concentration of the
ITO(80 nm)/GAZO (100 nm)bilayer thin film and ITO thin film were deposited at room tem-
perature and 250°C. The resistivity of bilayer thin film exhibits a minimum of 3.79x 10~
Q-cm at 250°C and a maximum of 6.91x 10~#Q-cm at room temperature. The resistivity
of ITO thin film exhibits a minimum of 3.13x10™* Q.-cm at 250°C and a maximum of
6.81x107*Q-cm at room temperature. The crystallinity of bilayer thin film improved by
increasing substrate temperature, which can be caused increasing the grain size and de-
creasing the grain boundary. Therefore, the resistivity of thin film decreased with increasing
carrier concentration of bilayer.

Figure 7 shows that optical transmittance and optical bandgap energy of ITO/GAZO
bilayer thin films and ITO thin film were deposited as a function of thickness at room
temperature. As seen in this figure, average optical transmittances in visible range (380-770
nm) of deposited ITO/GAZO bilayer thin film exhibited above 90%. The optical band gap
of the ITO/GAZO bilayer thin film and ITO thin film were determined using the Tauc model
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Figure 8. (a) Optical transmittance and optical bandgap of the ITO/GAZO bilayer thin films as a
function of substrate temperatures. (b) Optical transmittance and optical bandgap of the ITO thin film
as a function of substrate temperatures.

[17] and Davis and Mott model [18] in the high absorbance region
(ahv) = D(hv — E,)'/? (D)

The optical bandgap (E,) of the thin films can be obtained by plotting o and hv (« is the
absorption coefficient and Av is the photon energy) and extrapolating the linear portion of
this plot to the energy axis, as shown figure 7. The absorption edge was shifted to the long
wavelength as the ITO thickness increased. The cause of the phenomenon was resulted
from the Burstein-Moss effect [19, 20]. According to the B-M effect, the optical band gap
can be expressed as:

h 1\ 23
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Figure 9. (a)—(b) A surface SEM images of the ITO/GAZO bilayer thin film at room temperature
and 250°C.

Where Eg, is the band gap of undoped ZnO, E, is the band gap shift caused by B-M effect,
n is the carrier concentration. In addition, average optical transmittances of the bilayer thin
films were higher than transmittances of ITO and GAZO single layers.

Figure 8(a) and (b) show that optical transmittance of ITO/GAZO bilayer thin film
and ITO thin film were deposited at room temperature and 250°C. The absorption edge
was shifted to the short wavelength as the substrate temperature increased. The change
in the Burstein-Moss shift is due to a change in the carrier concentration with increasing
substrate temperature. In this figure, the optical band gap of ITO/GAZO bilayer thin film
and ITO thin film were indicated at room temperature and 250°C. The optical bandgap of
bilayer thin films exhibited 3.57 eV and 3.7 eV with room temperature and 250°C, The
optical bandgap of ITO thin film exhibited 3.45 eV and 3.75 eV with room temperature
and 250°C

Figure 9(a) and (b) show that surface SEM images of ITO/GAZO bilayer thin films
were deposited at room temperature and 250°C. In this figure, grain size of deposited
bilayer thin film at 250°C is greater than deposited bilayer thin film at room temperature.
Improved crystallinity of bilayer thin film can be influenced grain size of thin film.

Conclusions

We fabricated the ITO/GAZO bilayer thin films for ITO saving material various thick-
nesses and substrate temperatures. When the ITO(80 nm)/GAZO(100 nm) bilayer thin
films was deposited at 250°C, the strong ITO(222) and ZnO(002) x-ray diffraction peaks
and weak ITO(211) and ITO(440) diffraction peaks were indicated which corresponds to
the (222)(211)(440) plane of In,O3 and (002) plane of ZnO. Resistivity, mobility and carrier
concentration of the ITO (80 nm)/GAZO(100 nm) bilayer thin films at 250°C exhibited
3.79x107*Q-cm, 31.13cm?/V-s and 5.21 x 102%cm™>. Average optical transmittance in visi-
ble range (380—770 nm) of all bilayer thin films exhibited above 90% and the optical bandgap
of bilayer thin films exhibited 3.7 eV at 250°C. Therefore, the ITO(80 nm)/GAZO(100 nm)
bilayer thin films could be applied as transparent conductive electrodes.
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